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New generation of rotary transfer machines processing different models of parts is considered. In order to enhance the cost-
effectiveness of mixed-model rotary transfer machines, the problems of process planning for the parts to be machined and the
conﬁguration of a rotary transfer machine are integrated in the same optimisation problem. This problem is modelled as a
combinatorial optimisation problem. The decisions to be taken simultaneously concern the orientation of parts for machining, the
machining parameters for processing the parts as well as the conﬁguration of machining units to be used at working positions of
the machine. Constraints related to the design of such units – spindle heads, turrets – andworking positions, as well as precedence
constraints related to machining operations, are taken into account. The problem consists in minimising an estimated cost of the
rotary transfer machine, while reaching a given output and satisfying all the constraints. The proposed methods to solve the
problem are based on its MIP formulation. The optimisation techniques are validated on an industrial case study. Numerical
experiments evaluate the efﬁciency of the approach against the variety of parts to be produced.
Keywords: rotary machine; product variety; machine engineering; production system design; integrated process planning
and system conﬁguration; line design and balancing; combinatorial design; combinatorial optimisation; industrial case study
1. Introduction
Within the today’s context of increasing demand and product
diversiﬁcation, companies must be able to adapt their manu-
facturing systems for high variety production in order to
proﬁtably produce in small quantities different models of
products. Mixed-model production is the practice of proces-
sing products without changeovers in the manufacturing sys-
tem (Rabbani, Ziaeifar, and Manavizadeh 2014). Such a
production mode poses new challenges in production system
design, planning and management. In order to be cost-efﬁ-
cient, several decision problems have to be considered jointly
(Leonesio et al. 2013) such as process planning, system con-
ﬁguration and scheduling. In literature, each of these decision
problems has attracted a large amount of research interest (Xu,
Wang, and Newman 2011; Battaïa et al. 2012b; Guschinskaya
et al. 2009; Dolgui et al. 2008). However, conventionally, they
have been performed sequentially (Lv and Qiao 2014). Under
the modern production constraints and global competition, the
strong dependence between these issues and its inﬂuence on
the proﬁtability of product manufacturing, resource utilisation
and product delivery time cannot be ignored anymore. The
growing amount of research work in the direction of joint
consideration of these problems proves the importance of such
an integrated approach.
It should be noted that the most advanced integration is
currently realised between process planning and scheduling
(Phanden, Jain, and Verma 2013; Bensmaine, Dahane, and
Benyoucef 2014). The primary goal of process planning is to
specify raw materials or components, processes and opera-
tions needed to convert a part from its raw material to the
ﬁnished form (Yin et al. 2014). Scheduling receives process
plans as its input and deﬁnes an order of processing the
operations on machines while satisfying the precedence rela-
tions given in process plans. Scheduling is bound by process
sequencing instructions given by the process plan and con-
strained by time-phased availability of production resources
(Li and McMahon 2007). However, even if a great research
effort was dedicated to the integration of process planning
and scheduling since the pioneer study by Chryssolouris,
Chan and Suh (1985), it still remains of limited functionality
or compensated in computational efﬁciency due to the NP-
hard nature of both problems (Mohapatra et al. 2014). The
existing approaches for these two methods are broadly cate-
gorised into two types: the progressive/enumerative approach
and the simultaneous/centralised approach. A comprehensive
state-of-the-art review on the integration of process planning
and scheduling has been recently realised by Phanden, Jain
and Verma (2011).
The conﬁguration of machine tools and process plan-
ning problems is also traditionally managed as indepen-
dent stages, where the process plan is designed by
considering a number of machine tool solutions available
from catalogue. Despite the fact that this strategy presents
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a number of disadvantages in terms of process results and
machine capabilities fully exploitation, the integration of
these decision problems has been rarely considered in the
academic literature. Szadkowski (1971) has proposed one
of the ﬁrst models to optimise process plans for mass
production taking into account combinatorial aspects and
machining constraints. A graph approach for optimisation
of mass production rotary transfer machines was proposed
by Dolgui, Guschinsky and Levin (2009). A decision
support system for design of mass production machining
lines composed of stations with rotary or mobile table was
developed by Battaïa et al. (2012a). This decision system
included modules for part designing, process planning,
system conﬁguration and system cost optimisation. An
integrated approach for jointly conﬁguring machine tools
and process planning with the objective to optimise the
production costs was developed by Leonesio et al. (2013).
The problem of combinatorial customisation of automated
production lines with rotary transfer and turrets was
addressed by Battaïa et al. (2014a). Integrated conﬁgur-
able equipment selection and line balancing for mass
production with serial–parallel machining systems was
considered by Battaïa et al. (2014b).
The studies considering reconﬁguration of machining
systems when it is necessary to integrate new parts to be
machined require also solving NP-hard optimisation pro-
blems. For the case of mass production, where the inte-
gration of new parts is not effortless, optimisation
techniques were proposed by Makssoud, Battaïa and
Dolgui (2014). To improve the ﬂexibility of existing
machining systems, several studies were conducted by
Terkaj, Tolio and Valente (2009, 2010), Copani et al.
(2015) and Copani and Rosa (2015). Tolio and Urgo
(2013) have proposed a mathematical model to assess
the reconﬁguration cost for ﬂexible transfer lines.
Variety-oriented design of rotary machining systems used
for family part production was discussed by Battaïa et al.
(2015).
Since no model available in the literature can be
applied for the integrated process planning and system
conﬁguration for mixed-model machining on a rotary
transfer machine, this paper develops such an optimisation
model and evaluates it on an industrial case study.
The rotary transfer machine studied in this paper is
used to produce simultaneously d0 types of parts. Such
machines are multipositional, that is, the parts are sequen-
tially machined on m0 (1, 2, . . ., m0) working positions.
One position of the machine (zero position) is exclusively
used for loading new billets and unloading ﬁnished parts.
It is assumed that the parts are loaded in sequence π = (π1,
π2, . . ., πμ0) where πi 2 0; 1; 2; . . . ; d0f g, i = 1, 2, . . ., μ0,
μ0 is multiple to m0 + 1 and πi = 0 means that no part is
loaded. Using sequence π, one can deﬁne in one-to-one
manner function π(i,k) of part number at the kth working
position each time when machining part πi, that is,
πði; kÞ ¼ πiþm0k ; if iþ m0  k  μ0;
πmodðiþm0k;μ0Þ; otherwise:

At each working position, several machining units
(spindle heads or turrets) can be installed to execute the
operations assigned to this position. There are vertical
and horizontal units to process vertically or horizontally,
respectively. A turret holds several machining tools
which are applied to the parts to be machined sequen-
tially. A horizontal turret (spindle head) can work in
parallel with a vertical spindle head (but not a turret) to
access to different sides of parts at a working position. A
vertical spindle head can be common for several working
positions, that is, can execute simultaneously operations
on all these working positions. However, only one ver-
tical turret can be mounted at one position or one com-
mon vertical spindle head can be installed for all working
positions. Only one horizontal spindle head or turret can
be used per position. For example, the rotary transfer
machine in Figure 1 has one vertical spindle head com-
mon for positions 1, 3, 4, 5, two horizontal turrets on
positions 1 and 3 and one horizontal spindle head on
position 4.
The rest of paper is organised as follows. Section 2
describes the decision variables and input data for the joint
process planning and system conﬁguration problem for
mixed-model machining on a rotary transfer machine.
Sections 3 provides a mathematical model for the consid-
ered combinatorial optimisation problem. An industrial
example is presented in Section 4. The results of numer-
ical experiments are given and analysed in Section 5.
Concluding remarks are reported in Section 6.
Turret
Horizontal multi-
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Figure 1. A rotary transfer machine with turrets.
2. Problem statement
2.1. Notations and deﬁnitions
Let Nd be the set of machining operations needed for
machining elements of the dth part, d = 1, 2, . . ., d0,
located on nd sides and Nds , s = 1, 2, . . ., nd, be a subset
of operations for machining elements of the sth side of the
part d. Part d can be located in different orientations, the
set of all possible orientations H(d) is known. Part orien-
tation is done at zero position and still the same for all
working positions. Elements of no more than one side can
be machined by vertical spindle head or turret. All ele-
ments of other sides of the part have to be assigned to
horizontal spindle heads or turrets. H(d) can be repre-
sented by matrix of dimension rd × nd where hrs(d) is
equal j, j = 1,2 if the elements of the sth side of the part
d can be machined by spindle head or turret of type j.
Let N ¼ Sd0
d¼1
Nd . All operations p ∈ N are characterised
by the following parameters:
● length λ(p) of the working stroke for operation
p ∈ N, that is, the distance to be run by the tool in
order to complete operation p;
● range [γ1(p), γ2(p)] of feasible values of feed rate
which characterises the machining speed;
● set H(p) of feasible orientations of the part (indexes
r ∈ {1, 2, . . ., rd} of rows of matrix H(d)) for
execution of operation p 2 Nds by spindle head or
turret of type j (vertical if hrs(d) = 1 and horizontal
if hrs(d) = 2).
Let subset Nk, k = 1,. . .,m, contains the operations
from set N assigned to the kth working position.
Let Nk1 and Nk2 be the sets of operations assigned to
working position k that are concerned by vertical and
horizontal machining, respectively.
Finally, let bkj be the number of machining modules
(not more than b0) of type j (vertical if j = 1 or horizontal,
if j = 2) installed at the kth working position. Subsets Nkjl,
l = 1,. . ., bkj contain the operations from set Nkj assigned
to the same machining module.
The machining process imposes numerous constraints
that have to be taken into account both for process plan-
ning and machining units’ conﬁguration. In the literature,
these constraints are commonly divided in the following
categories (Battaïa and Dolgui 2013).
Since the machining operations naturally have prece-
dence relationships, they have to be taken into account on
the process planning step. They are expressed by a direc-
ted graph GOR = (N, DOR) where an arc (p, q) ∈ DOR, if
and only if operation p has to be executed before operation
q. It should be noted that if such operations p and q belong
to different sides of the part then they cannot be executed
at the same position.
Tolerance constraints impose to execute certain
operations at the same working position, by the same
turret, by the same spindle head or even by the same
spindle (for different parts). Such inclusion constraints
are modelled by undirected graphs GSP = (N, ESP),
GST = (N, EST), GSM = (N, ESM) and GSS = (N, ESS),
where edge (p, q) ∈ ESS ((p, q) ∈ ESM, (p, q) ∈ EST, (p,
q) ∈ ESP) if and only if operations p and q must be
executed by the same spindle, machining module, turret
or at the same position, respectively.
On contrary, certain operations cannot be performed at the
same working position, by the same turret or by the same
spindle head for such evident reasons as tool intersections,
impossibility of tool location in spindle head, turret etc. These
exclusion constraints are modelled by undirected graphs
GDM = (N, EDM), GDT = (N, EDT) and GDP = (N, EDP),
where edge (p, q) ∈ EDM ((p, q) ∈ EDT), (p, q) ∈ EDP)), if
and only if operations p and q cannot be executed by the same
machining module, turret or at the same position, respectively.
The conﬁguration of each machining unit depends on
the operations assigned to it. The assignment of operations
together, to be executed by the same machining unit,
imposes additional constraints on the choice of the cutting
parameters. The choice of these parameters inﬂuences the
machining time for each particular part and the makespan
for completing all parts.
Let P = 〈P1, . . ., Pk, . . ., Pm0〉 is a design decision with
Pk = (P1k11, P2k11, . . .,Pd0k11, . . ., P1k1bk1 , P2k1bk1 , . . ., Pd0k1bk1 ,
P1k21, P2k21, . . ., Pd0k21, . . ., P1k2bk1 , P2k2bk1 , . . ., Pd0k2bk1 ),
Pdkjl = (Ndkjl, Гdkjl), Pdkj = (Pdkjl|l = 1, . . ., bkj), Pdk = (Pdkj|
j = 1, 2), and Nj ¼
Sd0
d¼1
Sm0
k¼1
Sbkj
l¼1 Ndkjl, j = 1, 2.
2.2. Machining time
The execution time tb(Pdkjl) of all operations from Ndkjl
with a feed per minute Гdkjl ∈ [max{γ1(p)|p ∈ Ndkjl}, min
{γ2(p)|p ∈ Ndkjl}] is equal to
tb Pdkjl
  ¼ L Ndkjl
 
Γdkjl
þ τa;
where L(Ndkjl) = max{λ(p)|p ∈ Ndkjl}, and τa is an addi-
tional constant time for advance and disengagement of
tools.
We assume that if a turret of type j is installed at kth
position, then the execution time of all operations from
Ndkjl is equal to
th Pdkj
  ¼ τgbkj þXbkj
l¼1
tb Pdkjl
 
; j ¼ 1; 2;
where τg is an additional ﬁxed time for one rotation of
turret.
If the spindle head is installed, then
th(Pdkj) = t
b(Pdkj1), |j = 1,2. If all Ndkjl are empty, then t
h
(Pdkj) = 0.
The execution time tp(Pdk) is deﬁned as
tp Pdkð Þ ¼ τr þmaxfth Pdkj
 jj ¼ 1; 2g;
where τr is an additional constant time for table rotation.
The time T(P) of execution of all corresponding opera-
tions after μ0 turns of rotary table is deﬁned as follows:
T Pð Þ ¼
Xμ0
i¼1
max tp Pπði;kÞk
 
k ¼ 1; ::;m0j
 
:
We assume that the objective productivity is provided,
if the total time T(P) does not exceed a given available
time T0.
Let C1, C2, C3 and C4 be the relative costs for one
position, one turret, one machining module of a turret and
one horizontal spindle head, respectively.
Since a vertical spindle head (if it presents) is common
for several positions, its size (and therefore the cost)
depends on the number of positions to be covered. Let
khmin and k
h
max be the minimal and maximal position num-
ber for positions covered by a common vertical spindle
head. Then, the cost of such a spindle head can be esti-
mated as C4 þ khmax  khmin
 
C5, where C5 is the relative
cost for covering one additional position by a vertical
spindle head.
The cost of a vertical turret can be estimated as
C2 + C3bk1.
In the similar way, the cost C(bk2) for performing set
of operations Nk2 by associated bk2 machining modules
can be assessed as follows:
C bk2ð Þ ¼
0 if bk2 ¼ 0;
C4 if bk2 ¼ 1;
C2 þ C3bk2 if bk2 > 1:
8<
:
The machine cost Q(P) is calculated as the total cost of
all equipment used, that is,
QðPÞ ¼ C1mþ C4sign N1j jð Þ 1
Xm0
k¼1
sign Nk12j jð Þ
!
þ
Xm0
k¼1
sign Nk12j jð Þ C2 þ C3bk1ð Þ
þ C5 khmax  khmin
 þXm0
k¼1
C bk2ð Þ
where sign(a) = 1 if a > 0, and sign(a) = 0 if a ≤ 0.
The studied problem is to determine
(a) an orientation for each part to be produced;
(b) an assignment of operations from set N into sub-
sets Nkjl, k = 1,. . .,m0, j = 1,2, l = 1,. . .,bkj to be
performed by machining module l of type j at
working position k;
(c) a feed per minute Гdkjl employed for each set of
operations Ndkjl = Nkjl ∩ N
d, d = 1,. . .,d0, k = 1,. . .,
m0, j = 1,2, l = 1,. . ., bkj
in such a way that the machine cost Q(P) is as small as
possible and all given constraints are respected.
Based on matrices H(d), d = 1, 2, . . ., d0, we can build
matrix H of dimension
Qd0
d¼1 rd 
Qd0
d¼1 nd . It has to be
coordinated with inclusion constraints on turrets, machining
modules and tools, that is, we delete row r of H if hrs0hrs00
for p 2 Nd0s0 , q 2 Nd
00
s00 and (p,q) ∈ E
SS ∪ ESM ∪ EST. Each row
of H deﬁnes in one-to-one manner a partition of N to N1 and
N2. Then, the optimal solution of the initial problem can be
found as the best partition of corresponding N1 and N2.
In the next section, we present MIP formulation of this
problem.
3. MIP formulation
Let us introduce the following notations:
Xpkl decision variable which is equal to 1 if operation
p from N is assigned to lth machining module of
spindle head or turret of type j at kth posi-
tion j ¼ 1 if p 2 N1 and j ¼ 2 if p 2 N2ð Þ;
Ydkjl auxiliary variable which is equal to 1 if at least
one operation for machining elements of dth
part is executed in lth machining module of
spindle head or turret type j at kth posi-
tion Ydkjl ¼ 0 if Nj ¼ 
 
;
Ydkj auxiliary variable which is equal to 1 if at least one
operation for machining elements of dth part is
executed by a spindle head or turret of type j at
kth position Ydkj ¼ 0 if Nj ¼ 
 
;
Ykjl auxiliary variable which is equal to 1 if lth
machining module of spindle head or turret of
type j is installed at kth position;
Y1min auxiliary variable which is equal to k if k is the
ﬁrst position covered by a vertical spindle head or
turret Y1min ¼ 0 if N1 ¼ ð Þ;
Y1max auxiliary variable which is equal to k if k is the last
position covered by a vertical spindle head or
turret Y1max ¼ 0 if N1 ¼ ð Þ;
Zk auxiliary variable which is equal to 1 if at least one
operation is assigned to kth position;
Fdkjl auxiliary variable for determining the time of execu-
tion for operations fromNd by lth machining module
of spindle head or turret of type j at kth position;
Fdk auxiliary variable for determining the time of
execution of operations from Nd at kth position;
Fi auxiliary variable for determining the time of
execution of all operations from N when machining
of part πi is ﬁnished;
tpq minimal time necessary for execution of opera-
tions p and q by the same machining mod-
ule, tpq ¼ max λðpÞ; λðqÞð Þ=min γ2ðpÞ; γ2ðqÞð Þ þ τa.
It is assumed that (p, q)∈EDM if min (γ2(p), γ2(q)) < max
(γ1(p), γ1(q)).
Since a vertical spindle head has the common feed rate
for all its spindles, it is possible to check the feasibility of
installing a common vertical spindle head. It cannot be
installed if max{γ1(p)|p ∈ N1} > min{γ2(p)|p ∈ N1}. The
vertical turret cannot be installed if there exist operations
p ∈ N1 and q ∈ N2 such that (p,q) ∈ ESP or operations
p ∈ N1 and q ∈ N1 such that (p,q) ∈ EDT ∪ EDP. If both
above cases for spindle head and turret are identiﬁed, then
the problem has no solution.
The objective function is as follows:
Min C1
Xm0
k¼1
Zk þ C4
Xm0
k¼1
Yk21
þ C2 þ 2C3  C4ð Þ
Xm0
k¼1
X2
j¼1
Ykj2þC3
Xm0
k¼1
X2
j¼1
Xb0
l¼3
Ykjl
þ C4Y1 þ C5 Y1max  Y1minð Þ
(1)
If a horizontal turret is installed at position k, then
Yk21 = Yk22 = 1 and C4Yk21 þ C2 þ 2C3  C4ð ÞYk22
¼ C2 þ 2C3. If a horizontal spindle head is installed at
position k, then Yk2l = 0, l = 2, . . ., b0, and
C4Yk21 þ C2 þ 2C3  C4ð ÞYk22 ¼ C4. If a vertical turret
is installed at position k, then Yk11 = Yk12 = 1, Y1 = 1,
Y1min = Y1max and C2 þ 2C3  C4ð ÞYk12 þ C4Y1 þ
C5 Y1max  Y1minð Þ ¼ C2 þ 2C3. If a vertical spindle
head is common for positions k1 = Y1min, . . ., kν = Y1max,
then Y1 = 1, Yk1l = 0, l = 2, . . ., b0, k = 1, . . ., m0 and
C4Y1 þ C2 þ 2C3  C4ð Þ
Pm0
k¼1 Yk12 ¼ C4.
Variables Zk, k = 1, . . ., m0 should satisfy the following
constraints:
Zk  Yk11 þ Yk21; k ¼ 1; . . . ;m0 (2)
Yk11 þ Yk21  2Zk ; k ¼ 1; . . . ;m0 (3)
If N1 ≠ ⊘, variables Y1min and Y1max can be deﬁned by
the following constraints:
m0  k þ 1ð ÞYk11 þ Y1min  m0 þ 1; k ¼ 1; . . . ;m0
(4)
Y1max  kYk11; k ¼ 1; . . . ;m0 (5)
The following constraints deﬁne Ydkjl, Y
d
kj and Ykjl. They
take 1, if and only if the corresponding sums are not equal
to 0.
Ydkjl 
X
p2Nj
T
Nd
Xpkl; k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0
(6)
X
p2Nj
T
Nd
Xpkl  Nj \ NdjYdkjl; d ¼ 1; . . . ; d0;
k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0
(7)
Ykjl 
Xd0
d¼1
Ydkjl; k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0
(8)
Xd0
d¼1
Ydkjl  d0Ykjl; k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0
(9)
Ydkj 
Xb0
l¼1
Ydkjl; d ¼ 1; . . . ; d0; k ¼ 1; . . . ;m0; j ¼ 1; 2
(10)
Xb0
l¼1
Ydkjl  b0Ydkj; d ¼ 1; . . . ; d0; k ¼ 1; . . . ;m0; j ¼ 1; 2;
(11)
The constraints which prohibit empty machining mod-
ules are
Ykjl1  Ykjl; k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 2; . . . ; b0
(12)
A vertical turret cannot be combined with any other
machining module at the same position:
Yk12 þ Yk21  1; k ¼ 1; . . . ;m0 (13)
If any vertical turret cannot be installed, then the
following equations should be satisﬁed:
Yk1l ¼ 0; k ¼ 1; . . . ;m0; l ¼ 2; . . . ; b0 (14)
Otherwise
Yk11 ¼ Yk12; k ¼ 1; . . . ;m0 (14′)
Each operation is assigned to one block, this constraint
is expressed as follows:
Xm0
k¼1
Xb0
l¼1
Xpkl ¼ 1; p 2 N (15)
If operation p is assigned to lth machining module of
spindle head or turret of type j at kth position, each
operation q, predecessor of p, has to be executed at a
previous position or to be assigned to a previous machin-
ing module of the corresponding turret:
Xm0
k¼1
Xb0
l¼1
k  1ð Þb0 þ lð ÞXpkl

Xm0
k¼1
Xb0
l¼1
k  1ð Þb0 þ l  1ð ÞXqkl;
ðp; qÞ 2 DOR; p; q 2 Nj; j ¼ 1; 2
(16)
Xm0
k¼1
Xb0
l¼1
kXpkl 
Xm0
k¼1
Xb0
l¼1
ðk  1ÞXqkl;
ðp; qÞ 2 DOR; p 2 Nj; q 2 N3j;
j ¼ 1; 2
(17)
Precedence constraints can be also modelled as
follows:
Xk1
k0¼1
Xb0
l0¼1
Xpk0l0þ
Xl1
l0¼1
Xpkl0  Xqkl;
ðp; qÞ 2 DOR; p; q 2 Nj; j ¼ 1; 2
(17′)
Xk1
k0¼1
Xb0
l0¼1
Xpk0l0  Xqkl; ðp; qÞ 2 DOR;
p 2 Nj; q 2 N3j; j ¼ 1; 2
(18′)
or
X
p2PredðqÞ
Xk1
k0¼1
Xb0
l0¼1
Xpk0l0 þ
X
p2PredðqÞ\Nj
Xl1
l0¼1
Xpkl0
 PredðqÞj jXqkl;
q 2 Nj; j ¼ 1; 2
(17″)
where Pred qð Þ ¼ p 2 N ðp; qÞ 2 DOR		 :
For operations p and q that have to be performed at the
same working position or by the same turret:
Xb0
l¼1
Xpkl ¼
Xb0
l¼1
Xqkl; p; qð Þ 2 ESP [ EST;
k ¼ 1; . . . ;m0
(19)
For operations p and q that have to be performed by tools
of the same machining module or by the same spindle:
Xpkl ¼ Xqkl; p; qð Þ 2 ESM [ ESS; k ¼ 1; . . . ;m0; l ¼ 1; . . . ; b0
(20)
For operations p and q that have to be executed at
different working positions:
Xb0
l¼1
Xpkl þ
Xb0
l¼1
Xqkl  1; p; qð Þ 2 EDP;
k ¼ 1; . . . ;m0
(21)
For operations p and q that have to be executed by
tools of different turrets, if turrets are used, but can also be
executed by the same spindle head:
Xb0
l¼1
Xpkl þ
Xb0
l¼1
Xqkl þ Ykj2  2; p; qð Þ 2 EDT;
p; q 2 Nj; k ¼ 1; . . . ;m0; j ¼ 1; 2
(22)
For operations p and q that have to be executed by
tools of different machining modules:
Xpkl þ Xqkl  1; p; qð Þ 2 EDB; k ¼ 1; . . . ;m0; l ¼ 1; . . . ; b0
(23)
The time of execution of operations from Nd by lth
machining module of spindle head or turret of type j at kth
position cannot be less than the time of execution of any
operation from Nd assigned to this machining module:
Fdkjl  tqqXqkl; q 2 Nd \ Nj; j ¼ 1; 2;
d ¼ 1; . . . ; d0; k ¼ 1; . . . ;m0;
l ¼ 1; . . . ; b0
(24)
The time of execution of operations from Nd by lth
machining module of spindle head or turret of type j at kth
position cannot be less than the time of execution of any
pair of operations from Nd assigned to this machining
module:
Fdkjl  tpq Xpkl þ Xqkl  1
 
; p; q 2 Nd \ Nj;
j ¼ 1; 2; d ¼ 1; . . . ; d0; k ¼ 1; . . . ;m0;
l ¼ 1; . . . ; b0
(25)
If a vertical spindle head can be installed
(i.e.max γ1 pð Þ p 2 N1jf g  min γ2 pð Þ p 2 N1jf g), then
Fdk11  λ pð Þ=γ2 qð Þ þ τað Þ Xpk1 þ Xqk01  1
 
;
p; q 2 Nd \ N1; d ¼ 1; . . . ; d0;
k; k0 ¼ 1; . . . ;m0; kk0
(26)
The time of execution of operations from Nd at kth
position cannot be less than the time of execution of
vertical and horizontal spindle head or turret:
Fdk 
Xb0
l¼1
Fdkjl þ 2τgYkj2 þ τg
Xb0
l¼3
Ykjl
þ b0τg Y dkj  1
 
;
d ¼ 1; . . . ; d0; k ¼ 1; . . . ;m0; j ¼ 1; 2
(27)
If a turret of type j with bkj machining modules is
installed at kth position, then Fdk 
Pbkj
l¼1 F
d
kjl þ b0τg, if
at least one operation from Nd is executed by the turret
and Fdk ¼ 0, otherwise. If a spindle head of type j is
installed at kth position, then Fdk  Fdkj1.
The constraint on the throughput is respected if
Fi  Fπði;kÞk þ τr; i ¼ 1; . . . ; μ0;
k ¼ 1; . . . ;m0
(28)
Xμ0
i¼1
Fi  T0 (29)
Principal decision variables are binary:
Xpkl 2 0; 1f g; p 2 N; k ¼ 1; . . . ;m0; l ¼ 1; . . . ; b0
(30)
Ydkjl 2 0; 1f g; k ¼ 1; . . . ;m0; j ¼ 1; 2;
l ¼ 1; . . . ; b0; d ¼ 1; . . . ; d0
(31)
Ydkjl 2 0; 1f g; k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0
(32)
Ykjl 2 0; 1f g; k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0
(33)
Y1min; Y1max 2 f0; 1; . . . ;m0g;
k ¼ 1; . . . ;m0; j ¼ 1; 2; l ¼ 1; . . . ; b0 (34)
Zk 2 0; 1f g; k ¼ 1; . . . ;m0 (35)
Auxiliary decision variables are real and bounded:
Fdkjl 2 0;tdk  τr

 
; k ¼ 1; . . . ;m0;
j ¼ 1; 2; l ¼ 1; . . . ; b0; d ¼ 1; . . . ; d0
(36)
Fdk 2 0;tdk  τr

 
; k ¼ 1; . . . ;m0; d ¼ 1; . . . ; d0 (37)
Fi 2 Ti; Ti
h i
; i ¼ 1; . . . ; μ0 (38)
where
td ¼ min λðpÞγ2ðpÞ þ τ
a þ τr p 2 Nd		n o
Ti ¼ max tπði;kÞ k ¼ 1; . . . ;m0j
n o
Ti ¼ T0 
Xμ0
i0¼1;i0i
T i
0
and
tdk ¼ max Ti i ¼ 1; . . . ; μ0; πði; kÞ ¼ dj
n o
Model (1)–(38) can be transformed by excluding con-
straints (20). In this case, family ESSM is created of such
subsets e of N that include all operations connected by an
edge from ESS or ESM. Then, constraints (15)–(19) and (21)–
(26) are modiﬁed by leaving only one operation from each
set e 2 ESSM. The efﬁciency of such a transformation is
evaluated in the experimental study presented in Section 5.
4 An industrial example
A rotary machine is designed for machining six different
parts presented in Figures 2–7.
Parameters of machining operations are given in
Table 1. Operations to be realised for parts 1, 2, 3 and 6
are located on two different sides and all operations for
parts 4 and 5 are located on only one side. The sequence
of loading parts is {1,2,5,–,3,4,–,6} where ‘−’ means that
no part is loaded.
The possible orientations of the parts are deﬁned by
the following expressions: H 1ð Þ ¼ H 2ð Þ ¼ H 3ð Þ ¼ H 6ð Þ
¼ 1; 2
2; 1
 
, H 4ð Þ ¼ H 5ð Þ ¼ 1
2
 
. The total number of
possible orientations of all parts is 64 = 26.
Precedence constraints, exclusion constraints for
machining modules, turrets and working positions are
H3
H4H5
H6
H7
H9
H8
H14
H11
H10
H12
H13
Figure 2. The ﬁrst part to be machined.
H20
H17
H21
H18
H15H16
H19
H22
Figure 3. The second part to be machined.
H9 
H7 
H10
H6 
H5 
H4 
H8 
H3 
Figure 4. The third part to be machined.
H15 
H17 
H18
H16 
Figure 5. The fourth part to be machined.
H4 
H6 
H7 
H8 
H9 
H5 
Figure 6. The ﬁfth part to be machined.
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presented in Tables 2–5, respectively. Inclusion constraints
for positions and machining modules are given in Tables 6
and 7. Operations to be executed by the same spindle are
presented in Table 8.
The total number of feasible orientations of all the
parts is reduced to 16 due to constraints from Tables 7
and 8. Other parameters of a rotary transfer machine
are: τa = τg = τr = 0.1 min. The available time T0 is
13.2 min.
First, we solve problem (1)–(38) using academic
version of CPLEX 12.2. The obtained optimal solution
and its characteristics are presented in Tables 9 and 10.
H10
H11
H13
H15
H14H12
H16 
Figure 7. The sixth part to be machined.
Table 1. Operations and their parameters.
p Hole Part Side
λ(p)
(mm)
γ1(p)
(mm/min)
γ2(p)
(mm/min) p Hole Part Side
λ(p)
(mm)
γ1(p)
(mm/min)
γ2(p)
(mm/min)
1 H3 1 1 34 37.7 63.4 36 H6 3 1 75 29.7 105.7
2 H3 1 1 22 27.8 249.5 37 H7 3 2 24 24.6 83.6
3 H4 1 1 34 37.7 63.4 38 H7 3 2 9 28.3 106.3
4 H4 1 1 22 27.8 249.5 39 H8 3 2 24 24.6 83.6
5 H5 1 1 79 22.8 81.3 40 H8 3 2 9 28.3 106.3
6 H5 1 1 75 29.7 105.7 41 H9 3 2 24 24.6 83.6
7 H6 1 1 79 22.8 81.3 42 H9 3 2 9 28.3 106.3
8 H6 1 1 75 29.7 105.7 43 H10 3 2 24 24.6 83.6
9 H7 1 2 24 24.6 83.6 44 H10 3 2 9 28.3 106.3
10 H7 1 2 9 28.3 106.3 45 H15 4 1 2 18.8 62.7
11 H8 1 2 24 24.6 83.6 46 H16 4 1 2 18.8 62.7
12 H8 1 2 9 28.3 106.3 47 H17 4 1 2 18.8 62.7
13 H9 1 2 24 24.6 83.6 48 H18 4 1 2 18.8 62.7
14 H9 1 2 9 28.3 106.3 49 H4 5 1 53 39.2 62.9
15 H10 1 2 24 24.6 83.6 50 H4 5 1 34 27.2 248
16 H10 1 2 9 28.3 106.3 51 H5 5 1 53 39.2 62.9
17 H11 1 2 25 22 82.2 52 H5 5 1 34 27.2 248
18 H12 1 2 25 22 82.2 53 H6 5 1 100 22.8 81.3
19 H13 1 2 25 22 82.2 54 H6 5 1 98 29.7 105.7
20 H14 1 2 25 22 82.2 55 H7 5 1 100 22.8 81.3
21 H15 2 1 2 18.8 62.7 56 H7 5 1 98 29.7 105.7
22 H16 2 1 2 18.8 62.7 57 H8 5 1 45 22.8 81.3
23 H17 2 1 2 18.8 62.7 58 H8 5 1 43 29.7 105.7
24 H18 2 1 2 18.8 62.7 59 H9 5 1 100 22.8 81.3
25 H19 2 2 2 18.8 62.7 60 H9 5 1 98 29.7 105.7
26 H20 2 2 2 18.8 62.7 61 H16 6 1 30 43.7 74.1
27 H21 2 2 2 18.8 62.7 62 H16 6 1 24 31.9 197.1
28 H22 2 2 2 18.8 62.7 63 H16 6 1 24 26.9 161.6
29 H3 3 1 34 37.7 63.4 64 H16 6 1 18 26.7 160.2
30 H3 3 1 22 27.8 249.5 65 H10 6 2 3 15.5 51.6
31 H4 3 1 34 37.7 63.4 66 H11 6 2 3 15.5 51.6
32 H4 3 1 22 27.8 249.5 67 H12 6 2 3 15.5 51.6
33 H5 3 1 79 22.8 81.3 68 H13 6 2 3 15.5 51.6
34 H5 3 1 75 29.7 105.7 69 H14 6 2 3 15.5 51.6
35 H6 3 1 79 22.8 81.3 70 H15 6 2 3 15.5 51.6
p: Operation, λ: length, γ1,2: range.
The number of variables in the model (1)–(38) is 1224
and the number of constraints is 5521. The solution
time was 1.31 s. The common vertical spindle head
cover positions 2 and 3. Only parts 1–3 are machined
at position 1 where a horizontal turret with 4 machin-
ing units is installed for machining these parts. Parts
1–5 are machined at position 2, and all the parts are
machined at position 3. There are installed the hori-
zontal turret with 4 machining modules for (parts 1–3;
parts 1–3; parts 1–3; part 2) at the position 1 and the
horizontal turret with 4 machining modules for part 6
at the position 2. The rotary table turns 1.65 min after
the start, then in 2.14, 2.1, 1.73, 1.65, 0.24, 1.92 and
in 1.73 min, respectively. The total time for machining
all parts of the batch is 13.16 min.
Then, we solve problem (1)–(38) again with CPLEX
12.2 but by using the reduction of constraints (20) as
explained in Section 2. The obtained optimal solution
and its characteristics are presented in Tables 11 and
12. The number of variables in the model is 828 and
the number of constraints is 4824. The solution time was
1.21. There is the vertical spindle head common for
positions 2 and 3. Parts 1–5 are machined at the position
2, and all the parts are machined at the position 3. There
are installed the horizontal turret with 4 machining mod-
ules (part 6; part 6; part 6; part 6) at the position 1 and
the horizontal turret with 4 machining modules (part 2;
parts 1–3; parts 1–3; parts 1–3) at the position 2. The
rotary table turns 1.65 min after the start, then in 2.14,
2.1, 1.73, 1.65, 1.92, 0.1 and in 1.73 min, respectively.
The total time for machining all parts of the batch is
13.02 min.
Finally, the summary of the generated models and
obtained results for different combinations of constraints
(20), (17)–(18), (17′)–(18′), and (17″) is presented in
Table 13.
5. Experimental study
The purpose of this study is to evaluate the effectiveness
of the proposed optimisation approach. Series of 100
test instances for 4, 6 and 8 different parts were gener-
ated. Their characteristics are presented in Figures 8–9
and Tables 14–16, where |N| is the number of opera-
tions, OSP is the order strength of precedence con-
straints, DM, DT, DP, SS and SM are the densities of
graphs GDM, GDT, GDP, GSS and GSM, respectively. The
constraints were generated using the techniques and
software presented in Dolgui et al. (2008).
Experiments were carried out on ASUS notebook
(1.86 GHz, 4 Gb RAM) with academic version of
CPLEX 12.2.
First, we compare the results of using model (1)–
(38) with different combinations of constraints (20),
(17)–(18), (17′)–(18′) and (17″) for test instances with
four parts. By analysing the results presented in
Table 17, we can see the positive impact of the reduc-
tion of constraints (20).
Then, we compare the effectiveness of modelling pre-
cedence constraints by (17)–(18), (17′)–(18′) and (17″).
The summary results are presented in Table 18.
Finally, we present in Table 19 the summary results
of solving three series of 100 test instances for four, six
and eight parts with constraints (17)–(18) and the trans-
formation of constraints (20). The maximal available
time was set up to 2 h (7200 s). Feasible solutions
were found for all test instances. Only for two instances
with six parts, the optimality of found solutions was not
proved while the number of such instances with eight
parts is equal to 11 with maximal gap 34.3% (see
Table 20). Number of solved problems in function of
time is depicted in Figure 10. Parameters of easy and
hard instances are presented in Tables 20 and 21,
respectively.
Table 2. Precedence constraints.
Operation Predecessors Operation Predecessors
2 1 3 29 31 40 9 11 13 15 37 39 41 43
4 1 3 29 31 42 9 11 13 15 37 39 41 43
6 5 7 33 35 44 9 11 13 15 37 39 41 43
8 5 7 33 35 50 49 51
10 9 11 13 15 37 39 41 43 52 14 42 49 51 64
12 9 11 13 15 37 39 41 43 54 53 55 59
14 9 11 13 15 37 39 41 43 56 53 55 59
16 9 11 13 15 37 39 41 43 58 57
30 1 3 29 31 60 53 55 59
32 1 3 29 31 62 61
34 5 7 33 35 63 62
36 5 7 33 35 64 63
38 9 11 13 15 37 39 41 43
Table 3. Incompatibility of operations in machining modules.
Operations Incompatible operations
2 1
4 3
6 5
8 7
9 1 2 3 4 5 6 7 8
10 1 2 3 4 5 6 7 8 9
11 1 2 3 4 5 6 7 8
12 1 2 3 4 5 6 7 8 11
13 1 2 3 4 5 6 7 8
14 1 2 3 4 5 6 7 8 13
15 1 2 3 4 5 6 7 8
16 1 2 3 4 5 6 7 8 15
17 1 2 3 4 5 6 7 8 13 14
18 1 2 3 4 5 6 7 8 17
19 1 2 3 4 5 6 7 8 18
20 1 2 3 4 5 6 7 8 15 16 17 19
23 21
24 22
25 21 22 23 24
26 21 22 23 24 25
27 21 22 23 24 25 26
28 21 22 23 24 25 26 27
29 2 9 10 11 12 13 14 15 16 17 18 19 20
30 1 9 10 11 12 13 14 15 16 17 18 19 20 29
31 4 9 10 11 12 13 14 15 16 17 18 19 20
32 3 9 10 11 12 13 14 15 16 17 18 19 20 31
33 6 9 10 11 12 13 14 15 16 17 18 19 20
34 5 9 10 11 12 13 14 15 16 17 18 19 20 33
35 8 9 10 11 12 13 14 15 16 17 18 19 20
36 7 9 10 11 12 13 14 15 16 17 18 19 20 35
37 1 2 3 4 5 6 7 8 10 29 30 31 32 33 34 35 36
38 1 2 3 4 5 6 7 8 9 29 30 31 32 33 34 35 36 37
39 1 2 3 4 5 6 7 8 12 29 30 31 32 33 34 35 36
40 1 2 3 4 5 6 7 8 11 29 30 31 32 33 34 35 36 39
41 1 2 3 4 5 6 7 8 14 17 29 30 31 32 33 34 35 36
42 1 2 3 4 5 6 7 8 13 17 29 30 31 32 33 34 35 36 41
43 1 2 3 4 5 6 7 8 16 20 29 30 31 32 33 34 35 36
44 1 2 3 4 5 6 7 8 15 20 29 30 31 32 33 34 35 36 43
45 23 25 26 27 28
46 24 25 26 27 28
47 21 25 26 27 28 45
48 22 25 26 27 28 46
50 49
52 51
54 53
56 55
58 57
60 59
62 61
63 61 62
64 61 62 63
65 66 67 68 69 70 61 62 63 64
6. Conclusion
This paper has proposed a joint formulation for process
planning and system conﬁguration for design of rotary trans-
fer machines for a mixed-model production of different parts.
The objective of suggested models is to minimise the total
system cost. A mathematical formulation with several var-
iants for this combinatorial optimisation problem was devel-
oped and evaluated on an industrial case study. It was shown
Table 4. Incompatibility of operations in turrets.
Operations Incompatible operations
9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8
25 26 27 28 21 22 23 24
29 30 31 32 33 34 35 36 9 10 11 12 13 14 15 16 17 18 19 20
37 38 39 40 41 42 43 44 1 2 3 4 5 6 7 8 29 30 31 32 33 34 35 36
45 46 47 48 25 26 27 28
61 9 10 11 12 13 14 15 16 17 18 19 20 37 38 39 40 41 42 43 44
65 66 67 68 69 70 61 62 63 64
Table 5. Incompatibility of operations in working positions.
Operations Incompatible operations
2 1
3 29 2
30 1 3 29
31 2 30
61 25
Table 6. Operations to be assigned to the same position.
Operation
Operations to be to
the same position Operation
Operations to be to
the same position
25 26 27 28 61 62 63 64
Table 7. Operations to be assigned to the same machining
module.
Operation
Operations to be
executed by the
same machining
module Operation
Operations to be
executed by the
same machining
module
1 3 33 35
5 7 34 36
6 8 37 39 41 43
9 11 13 15 49 51
17 19 53 55 59
18 20 54 56 60
29 31
Table 8. Operations to be executed by the same spindle.
Operation
Operations to be
executed by the
same tool Operation
Operations to be
executed by the
same tool
1 29 11 39
2 30 12 40
3 31 13 41
4 32 14 42
5 33 15 43
6 34 16 44
7 35 21 45
8 36 22 46
9 37 23 47
10 38 24 48
Table 9. An optimal solution.
Set Ndkjl Operations of Ndkjl L(Ndkjl) γdkjl t
b(Pdkjl)
N1121 9 11 13 15 24 83.6 0.39
N2121 26 2 62.7 0.13
N3121 37 39 41 43 24 83.6 0.39
N1122 10 14 18 20 25 82.2 0.4
N2122 27 2 62.7 0.13
N3122 38 42 9 106.3 0.18
N1123 12 16 17 19 25 82.2 0.4
N2123 28 2 62.7 0.13
N3123 40 44 9 106.3 0.18
N2124 25 2 62.7 0.13
N1211 1 3 5 7 79 51.6 1.63
N2211 22 23 2 51.6 0.14
N3211 29 31 33 35 79 51.6 1.63
N4211 46 47 2 51.6 0.14
N5211 49 51 53 55 57 59 100 51.6 2.04
N6221 61 40 74.1 0.64
N6222 62 24 197.1 0.22
N6223 63 24 161.6 0.25
N6224 64 18 160.2 0.21
N1311 2 4 6 8 75 51.6 1.55
N2311 21 24 2 51.6 0.14
N3311 30 32 34 36 75 51.6 1.55
N4311 45 48 2 51.6 0.14
N5311 50 52 54 56 58 60 98 51.6 2.0
N6311 65 66 67 68 69 70 3 51.6 0.16
Table 10. Characteristics of the optimal solution.
Position p tp(P1k) t
p(P2k) t
p(P3k) t
p(P4k) t
p(P5k) t
p(P6k)
1 1.79 1.02 1.25 0.1 0.1 0.1
2 1.73 0.24 1.73 0.24 2.14 1.92
3 1.65 0.24 1.65 0.24 2.1 0.26
that the developed models could be successfully applied to
the production cases with six different types of parts to be
machined simultaneously at such a transfer machine.
However, since the problem size is substantially increasing
when the number of different types of parts is growing, as a
consequence, it makes difﬁcult to obtain optimal solutions
for larger problem sizes. To address such problems
efﬁciently within reasonable solution time, approximate
methods have to be developed. Having such methods avail-
able will also allow envisaging the extension of the optimi-
sation problem by considering the sequence of the parts to be
determined at the same time as the process planning and the
system conﬁguration.
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Table 12. Characteristics of the optimal solution.
Position k tp(P1k) t
p(P2k) t
p(P3k) t
p(P4k) t
p(P5k) t
p(P6k)
1 0.1 0.1 0.1 0.1 0.1 1.92
2 1.73 1.02 1.73 0.24 2.14 0.1
3 1.65 0.24 1.65 0.24 2.1 0.26
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Figure 8. Characteristics of test instances (number of operations).
Table 13. Characteristics of the models.
Constraints
(20)
Precedence
constraints
Number of
variables
Number of
constraints
Time
solution
(s)
Yes (17)–(18) 1224 5521 1.314
(17′)–(18′) 1224 6797 1.571
(17″) 1224 5741 1.575
No (17)–(18) 828 4824 1.207
(17′)–(18′) 828 5000 1.226
(17″) 828 4940 1.295
Table 11. An optimal solution.
Set Ndkjl Operations of Ndkjl L(Ndkjl) γdkjl t
b(Pdkjl)
N6121 61 40 74.1 0.64
N6122 62 24 197.1 0.22
N6123 63 24 161.6 0.25
N6124 64 18 160.2 0.21
N1211 1 3 5 7 79 51.6 1.63
N2211 22 23 2 51.6 0.14
N3211 29 31 33 35 79 51.6 1.63
N4211 46 47 2 51.6 0.14
N5211 49 51 53 55 59 57 100 51.6 2.04
N2221 28 2 62.7 0.13
N1222 9 11 13 15 24 83.6 0.39
N2222 26 2 62.7 0.13
N3222 37 39 41 43 24 83.6 0.39
N1223 12 16 17 19 25 82.2 0.4
N2223 25 2 62.7 0.13
N3223 40 44 9 106.3 0.18
N1224 10 14 18 20 25 82.2 0.4
N2224 27 2 62.7 0.13
N3224 38 42 9 106.3 0.18
N1311 2 4 6 8 75 51.6 1.55
N2311 21 24 2 51.6 0.14
N3311 30 32 34 36 75 51.6 1.55
N4311 45 48 2 51.6 0.14
N5311 50 52 54 56 60 58 98 51.6 2.0
N6311 65 66 67 68 69 70 3 51.6 0.16
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Figure 9. Characteristics of test instances (loading sequence length).
Table 14. Test series with four parts.
Parameters
of
problems |N| OSP DM DT DP SS SM LS
Minimal
value
44 0.034 0.064 0.026 0 0.027 0 4
Maximal
value
95 0.161 0.659 0.659 0.242 0.051 0.016 8
Average
value
69 0.102 0.373 0.348 0.023 0.036 0.004 6
Table 15. Test series with six parts.
Parameters
of
problems |N| OSP DM DT DP SS SM LS
Minimal
value
89 0.029 0.003 0.002 0 0.024 0 6
Maximal
value
159 0.111 0.462 0.462 0.205 0.031 0.008 9
Average
value
124 0.08 0.229 0.198 0.028 0.027 0.002 7
Table 16. Test series with eight parts.
Parameters
of
problems |N| OSP DM DT DP SS SM LS
Minimal
value
118 0.023 0.004 0.004 0 0.024 0 8
Maximal
value
216 0.083 0.526 0.525 0.214 0.033 0.006 12
Average
value
166 0.055 0.297 0.266 0.027 0.028 0.002 10
Table 17. Impact of the transformation of constraints (20) on
test series with four parts.
Parameters
With
constraints
(20)
After the
transformation of
constraints (20)
Minimal time (s) 1.32 0.76
Maximal time (s) 601.074 609.27
Average time (s) 38.238 33.912
Total time (s) 3823.81 3391.17
Number of instances
solved in shorter time
14 86
Table 18. Impact of modelling precedence constraints.
Parameters (17)–(18) (17′)–(18′) (17″)
Minimal time (s) 0.76 1.071 0.665
Maximal time (s) 609.27 544.771 3790.99
Average time (s) 33.912 46.19 140.405
Total time (s) 3391.17 4619.01 14040.5
Number of
instances solved
in shorter time
69 13 18
Table 19. Time solution of test instances.
Parameters 4 Parts 6 Parts 8 Parts
Minimal time (s) 0.76 0.678 1.693
Maximal time (s) 609.27 7200 7200
Average time (s) 33.912 703.742 1767.59
Total time (s) 3391.17 70374.2 174992
Number of solved instances 100 100 100
Number of instances with proven
optimality
100 98 89
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